Deployment of renewable energy technologies in North Africa has large potentials for both, the coverage of the growing local electricity demand and for export of electricity to neighboring regions such as Europe. The presented research analyzes four scenarios with high shares of renewable energies in electricity generation (regional average 83-98%) in five North African countries and evaluates the opportunities and technical challenges for exchange of electricity within the region and with Europe. It was found that extensive grid reinforcements would be required to realize the presented scenarios. With respect to inner-regional transmission capacities in North Africa, results show that, depending on the scenario, about 90 % of the present grid would have to be expanded substantially in order to handle the expected transmission volumes in 2050.
Introduction
The countries of North Africa (NA) are largely characterized by a strongly rising electricity demand and energy systems which are dominated by conventional generation technologies based on fossil fuels [7] . However, the NA region also features a vast potential for the application of technologies based on renewable energy (RE) sources, such as wind energy, photovoltaic (PV) and concentrated solar power (CSP). A wider application of these technologies would, apart from obtaining a more sustainable electricity generation for covering the local demand, bear the possibility to export electricity generated by RE to neighboring regions such as the European Union (EU). The EU renewable energy directive for 2020 [2] already includes the possibility of importing RE for national RE-target achievement and will be developed further. Import of RE from NA was also suggested, e.g. in [3] and [4] . However, realizing such intra-regional electricity exchange, namely transmitting large volumes of electricity over long distances, is associated with a number of technical challenges related to the required grid infrastructure [14] [16] .
Methodology
The following section describes the scope, applied methodology and utilized models as well as the scenario setup for the analysis.
Modeling approach
The presented research paper aims at analyzing possible scenarios for RE deployment in five North African countries, namely Algeria, Egypt, Libya, Morocco and Tunisia, and to evaluate the opportunities for inner-and intra-regional electricity exchange. In particular, the possibilities and challenges for an export of electricity to the EU and issues related to the existing transmission grid infrastructure shall be evaluated. The time horizon of the analysis covers the period until 2050.
The applied methodology combines different approaches and models. In a first step an assessment of costs and potentials for RE in NA is performed, to be able to determine cost-optimized generation portfolios for the five countries. A major input parameter for this step is an in-depth assessment of available potentials for RE technologies through analysis with a geographic information system (GIS) using the software ArcGIS (see section 3.1).
Another major determinant for the optimization of the generation portfolio is the trend in the energy demand of the analyzed countries. Therefore, a simplified, top-down model has been developed which allows for estimations of the possible future energy demand based on econometric analysis of historical data and assumptions for population growth, development of the gross domestic product (GDP), energy intensity and future trends in energy efficiency (see section 3.2).
On this basis, cost-optimized electricity generation portfolios are derived using the model PowerACE (see section 4.1). The model applies a linear optimization algorithm using a CPLEX solver to derive the cost-optimal mix of storage-, transmission-, conventional and renewable generation technologies for a given scenario setup (see section 2.2). Thereby, cost-optimized long-term scenarios (optimized in terms of minimal total system cost) are obtained which include an assessment of opportunities for the export of electricity to the EU (analogue methodology has been applied in [3] ).
Part of the analysis, but not included in this paper, is also a detailed analysis on national level focusing on strategic location planning and short-term operation of individual power plants with the model RESLion and an evaluation of optimal storage design for CSP plants in NA, for exporting electricity to different EU markets [1] .
Further, in order to assess the technical feasibility of the derived generation portfolios, an analysis of the existing transmission grid was done to evaluate the ability for electricity transmission and exchange and to determine required grid expansions or the need for an additional overlaying transmission grid. The modeling of the grid was done for the alternating current (AC) transmission grid in Europe and the AC transmission grid in NA based on data from [17] , [18] , [19] , [20] , [21] and [22] . The corresponding transmission grids were simulated in DIgSILENT PowerFactory. Data from [17] was used to generate Europe"s AC transmission grid automatically and [18] was the basis for manually implementing the AC transmission grid in NA using the software PowerFactory. In a later step, results from the aforementioned modeling for energy transmission and exchange were used to evaluate the simulated grids and to determine required grid expansions.
Scenario definition
As a frame for the modeling exercises described in section 2.1, four scenarios were defined which represent possible future developments in terms of climate policy, energy efficiency and transmission grid development. Therefore, the scenarios vary in terms of CO 2 emission restrictions, availability of interconnectors between NA and the EU and the level of electricity demand in both regions.  Scenario 1 assumes moderate reductions of CO2 emissions of 50% relative to the base year 1990 for NA and the EU. Further it is defined that the electricity demand in both regions is high and no interconnections between NA and the EU exist.  Scenario 2 assumes more ambitious CO2 reductions of 95% in the EU and 50% in NA (relative to 1990). A high electricity demand is defined and no interconnections between EU and NA exist.  Scenario 3 presumes 95% CO2 reduction for EU and 50% for NA (relative to 1990) and a high electricity demand but allows the construction of interconnections between EU and NA.  Scenario 4 again presumes 95% CO2 reduction for EU and 50% for NA and allows the construction of interconnections between EU and NA. Additionally, a lowered electricity demand in both regions is assumed due to enhanced energy efficiency.
Analysis of the Framework for Renewable Energy Deployment in North Africa

Wind and solar potential
The derivation of long-term scenarios for cost-optimal electricity generation requires the detailed knowledge of the available potential for the respective RE technologies. Therefore, the first step of the analysis is a detailed assessment of areas available for deployment of each RE technology on national level. Areas which are not or only partly available due to other land use (e.g. agriculture, buildings, infrastructure, nature conservation, military purposes, etc.) or characteristics of the terrain (e.g. slope, height, soil properties, etc.) are excluded from the assessment (major data sources comprise [11] and [12] ). For the remaining areas, the associated potentials for RE technologies are calculated based on data for wind speed and solar irradiation (data sources [9] and [10] ). Combining the information on the available national RE potential and the expected cost of the regarded RE technologies, a cost-potential curve can be derived for each technology.
The result of this analysis for the five case study countries is summarized in Fig. 1 . which shows the yearly available potential for PV, CSP and wind energy (in TWh) related to the associated marginal generation cost in €/MWh (cumulated for all five countries). Fig. 2 . displays a detail of the same costpotential curve for the range up to 10,000 TWh. Underlying assumptions regarding future cost and technology parameters for RE-and conventional technologies are presented in Table 3 . The results show that the technically realizable potential for renewable electricity in NA exceeds the expected local electricity demand (cf. section 3.2) by far and would thus allow for considerable exports of electricity to neighboring countries and regions such as the EU. Remarkable is especially the extensive low-cost potential for wind onshore energy. In 2050, the five North African countries could, for example, generate up to 2000 TWh wind energy per year with marginal generation costs below 50€/MWh. Nearly the same applies to PV. Potentials for electricity generation by CSP are also substantial, although generation cost are higher due to the higher investment cost for the CSP technology (cf. Table 3 . Higher generation costs for CSP will (partially) be compensated by the higher system value of this technology due to its dispatchability and demand oriented supply (due to the included thermal storage). 
Possible trends in electricity demand
Most countries of NA show a strongly rising electricity demand, with growth rates partly exceeding 10 % per year [6] [7] . However, as detailed sectoral demand data is largely missing for NA, reliable longterm forecasts on the future electricity demand are mostly not available. Therefore, for the present research an approach was chosen which is based on a top-down assessment of the possible development based on econometric analysis of historical demand data (data source [6] ), estimations of population growth (data source [5] , medium growth scenario) and GDP development (data source [8] ) under consideration of income elasticities. Thereby, two variants were regarded: A "business as usual" case in which the growth of the demand is supposed to continue at a stable rate and an "energy efficiency" case which assumes an overall improvement of energy efficiency of 17 % until 2050. Fig. 3 shows the resulting possible development of electricity demand in the five NA countries until 2050. Presented is the result for the case "business as usual" which leads to a cumulated demand for all five countries of 1070 TWh/a in 2050. The sensitivity "energy efficiency" results in a cumulated demand of 871 TWh/a in 2050. 
Transmission grid capacities
The present AC transmission grid consists of several separate AC transmission grids, synchronous zones and interconnections as there is no common transmission grid covering the EU and NA. Within the present research, both the current AC grid capacities and interconnections between the separated grids are evaluated. Limitations mainly apply to the interconnections. The analysis considers currently existing and planned interconnections until 2020. Thereby, at least three synchronous zones have to be considered: The Union for the Co-ordination of Transmission of Electricity synchronous zone (UCTE), the South Eastern Mediterranean Block (SEMB) and the South Western Mediterranean Block (SWMB) [22] . Data [19] , [20] and [21] showed that, based on the capacities of the current and planned interconnectors, a maximum transfer limitation of 6.4 GW between the EU and NA and 6.2 GW among the countries within NA applies. Comparing these results with the possible development of energy exchange between EU and NA, and among the countries within NA (cf. section 4.2) shows that the current grid capacities are not sufficient for large scale energy transmission in the future and grid expansion needs to be applied.
Modeling Results
The following section provides an overview over part of the modeling results namely the resulting technology portfolios, possible electricity exchanges and implications for the transmission grids in the four scenarios. Results are presented on regional level (aggregated for the five countries) for the year 2050.
Cost-optimized renewable energy portfolios in 2030 and 2050
The cost-optimized technology portfolios (annual generation volumes per technology) for the four scenarios are presented in Table 1 . The table shows the yearly generation in 2050 cumulated for all five countries. All scenarios feature high RE shares in generation of 82% (scenario 1) up to 98% (scenario 3). The results show that the regional RE potential would be sufficient to cover a large share of the local demand with only small needs for conventional balancing capacities.
Comparison of the scenario results shows that generally conventional generation technologies are replaced by RE technologies if more rigorous CO 2 restrictions are assumed (scenarios 3 and 4). Only scenario 1, which is characterized by a low ambition level regarding CO 2 emission reductions, contains relevant amounts of coal in the generation mix as well as substantial contributions by CCGT. Wind is in all four scenarios the dominant RE technology, followed by CSP and PV. The dominance of wind energy is due to the high potential at very low costs in the region (cf. section 3.1). Electricity generation by CSP is most significant in scenarios with ambitious CO 2 reduction goals in combination with a high electricity demand, as in these scenarios carbon-free, dispatchable generation and storage technologies are of high value. Generation by gas turbines (GT and CCGT) will be used for balancing purposes up to the respective CO 2 emission limit applying in each scenario. 
Opportunities for electricity exchange
The optimization revealed the potential energy exchange among the countries of NA and between NA and the EU in the year 2050. The summary of the results is shown in Table 2 . Electricity exchanges among NA countries increase with the utilization of RE, as the energy systems change from nationally-oriented, fossil-fuel based generation, to RE-based generation, where balancing among the countries gains importance (i.p. with respect to fluctuating RE from wind and PV). In scenarios 3 and 4, in which electricity trade with the EU is possible, also the inner-regional power flows rise, as electricity must be transported from locations of generation to the respective nearest interconnectors. In scenario 4, the lower energy demand across EU and NA results in smaller electricity exchanges within and in-between the regions and thus implies fewer needs for additional transmission capacities. This result emphasizes the need for enhanced measures regarding energy efficiency in order to minimize the cost for grid upgrades. 
Implications for transmission grids
One result of the simulation of the AC transmission grid for the EU and NA is that the currently existing AC transmission grid will not be able to handle the expected volumes of energy in 2050. This is a typical observation when simulating a current grid [17] [18] and applying expected future volumes of energy. Therefore, the major question is how to expand the grid in order to handle the expected volumes and, at the same time, meet the requirements for stability and reliability of the transmission infrastructure (e.g. N-1 contingencies)?
There are basically two approaches for this. One of them is grid expansion. Grid expansion means that the currently existing grid will be expanded by additional lines or cables, additional transformers, rising voltage levels and installing additional compensation for reactive power.
The second way is designing an overlaying transmission grid. Especially in the context of the present research, this solution appears most suitable. Reason for this is the need for wide-area energy transmission. Wide-area energy transmission is usually done by high voltage transmission grids because of several advantages, e.g. a smaller current and therefore less thermal stress to the wires. However, high voltage transmission hast to be subdivided into two technologies. One of them is the high voltage alternating current (HVAC) transmission and the other the high voltage direct current (HVDC) transmission. When it comes to wide-area energy transmission the HVDC technology has several advantages compared to the HVAC transmission. To mention, the better interconnectivity of multiple terminals due to no need for synchronization, the absence of reactive power and therefore less losses and no need for compensation. Also based on own results [14] and literature [16] [13] it is concluded that only a multi-terminal (MT) transmission grid can fulfill the requirements related to a pan-EU-NA energy exchange as individual interconnections are not leading to the same results.
As a result of these considerations it is figured that an MT-HVDC is needed to connect the European AC transmission grid with the NA transmission grid and to collect or distribute electricity over the two regions. Therefore, in a first step, the HVDC grid based on [16] was modeled and, in a second step, extended by the results of own research. The final HVDC grid will span an overlay grid across the EU (as proposed in [16] ); it will comprise at least eight interconnections between Europe and NA and it will form a kind of collector grid in NA. Even installing a MT-HVDC overlay grid does not avoid grid expansion of the AC transmission grids. For NA a grid expansion of the AC transmission is determined within the simulation. It was found that approximately 90 % of the wires and cables have to be expanded on average by eighteen times their current capacity in order to handle the expected transmission volumes in 2050.
Conclusions and Outlook
The present analysis points out that a decarbonisation of the EU and NA electricity systems based on RE represents an economically viable option. The NA countries possess extensive low-cost potentials for RE deployment which exceed their expected future energy demand by far and which allow exporting surplus generation to Europe. In 2050, wind energy will dominate a cost optimal solution, supplemented by PV and CSP. In case of high emission reductions, CSP technologies will be needed to balance the power system, whereas higher contributions of natural gas emerge in case of lower emission reductions.
However implementation of these scenarios implies substantial challenges for the electricity transmission infrastructure. Results of the grid simulation show that the current AC transmission grid will not be able to handle the expected volumes of electricity in 2050. Expanding the AC transmission grid will not lead to the required results because of the wide-area electricity transmission. Only a MT-HVDC grid will provide the required characteristics for a pan-EU-NA electricity exchange. Further, this MT-HVDC grid needs to form a collector grid among the countries of NA to provide local energy exchange.
As such a MT-HVDC grid does not exist nowadays, further research and development is needed in before such a pan-European-NA energy exchange can be realized. Ongoing research, besides others, investigates and develops methodologies for grid operation of such MT-HVDC grids [14] [15] and continues to improve the VSC technology as it is the most promising technology for MT-HVDC grids.
Moreover, ongoing research focuses on the required framework conditions for the presented transformation of the NA energy systems, regarding suitable regulatory and economic conditions for large-scale RE deployment.
